Na+ and Cl-are the principal solutes utilized for osmotic adjustment in cells of Nicotiana tabacum L. var Wisconsin 38 (tobacco) adapted to NaCi, accumulating to levels of 472 and 386 millimolar, respectively, in cells adapted to 428 millimolar NaCI. X-ray microanalysis of unetched frozen-hydrated cells adapted to salt indicated that Na+ and Cl-were compartmentalized in the vacuole, at concentrations of 780 and 624 millimolar, respectively, while cytoplasmic concentrations of the ions were maintained at 96 millimolar. The morphometric differences which existed between unadapted and salt adapted cells, (cytoplasmic volume of 22 and 45% of the cell, respectively), facilitated containment of the excited volume of the x-ray signal in the cytoplasm of the adapted cells. Confirmation of ion compartmentation in salt adapted cells was obtained based on kinetic analyses of 22NaI and 36CI-efflux from cells in steady state. These data provide evidence that ion compartmentation is a component of salt adaptation of glycophyte ceUs.
A typical response of many plants to saline environments, particularly halophytes, is to accumulate high intracellular concentrations of Na+ and Cl- (9, 11, 23, 26, 28) . Since the in vitro activities of enzymes isolated from glycophytes or halophytes are inhibited equally by NaCl (9, 11) , it has been generally accepted that the accumulated ions are sequestered in the vacuole and 'compatible solutes,' such as sugars, proline, and glycinebetaine, function to balance the osmotic pressure of the cytoplasm (9, 11, 26) . This ability to compartmentalize Na+ and Cl-has been considered to be a mechanism of tolerance of halophytes (26) .
Although salt tolerance of glycophytes, particularly agronomic species, is usually attributed to the ability to exclude Na+ and Cl-, especially from the shoot (8, 11) , intracellular ion compartmentation also may occur in these species. Despite indications of negative correlations between ion accumulation and salt tolerance in glycophytes, such as tomato (22) , rice (29) , wheat (27) , and maize (12) , examination of the data reveals that, even in tolerant genotypes, the accumulated levels of Na+ and Clare substantial. In some instances whole cell Na+ and Cl-accumulation was similar for both tolerant and sensitive genotypes (22, 27, 29) . Thus, the ability to compartmentalize Na+ and Clmay be an underlying determinant of the tolerance not only of halophytes but also of many crop species.
Verification of ion compartmentation has been restricted by the difficulty in obtaining reliable measurements of subcellular ion concentrations (7, 15, 23, 30) . Despite this, cytoplasmic Na + concentration in leaf cells of Suaeda maritima was determined to be 165 mm by efflux analysis when the whole cell concentration was about 600 mM (28) . Data obtained by x-ray microanalysis of frozen hydrated leaves of Atriplex spongiosa (23) revealed that cytoplasmic ion concentrations were considerably lower than those in the vacuole.
Results from investigations of glycophytes exposed to salinity have been less conclusive. Analytical transmission electron microscopic analysis of freeze substituted root cells of Zea mays treated with 100 mM NaCl indicated the majority of Na + and Cl-was compartmentalized in the vacuole (13) , while the opposite result was reported for leaf mesophyll cells from wheat treated with the same concentration of NaCl (14) . Using steady state efflux analysis, slightly higher concentrations of Na+ were observed in the cytoplasm than in the vacuole of root cells of oat plants grown in 50 mm NaCl, although the concentrations in both compartments were less than 50 mm (15) .
We have previously characterized the growth and osmotic adjustment of Nicotiana tabacum L. var Wisconsin 38 cells (1) adapted to high levels of salinity (428 mm NaCI). Na+ and Cl-, the principal components of the extensive osmotic adjustment exhibited by these cells, accumulated to an average whole cell concentration of 500 and 400 mm, respectively (2) . Presented in this paper are results of an investigation utilizing steady state efflux kinetic analysis and scanning electron energy dispersive xray microanalysis to identify the intracellular localization of Na + and Cl-accumulated by cells adapted to 428 mM NaCl. The majority of Na+ and Cl-was sequestered in the vacuole, such that the concentrations of Na+ and Cl-in the cytoplasm were below 100 mm. These findings verify the occurrence of ion compartmentation and illustrate that it is a mechanism whereby glycophytes as well as halophytes may tolerate the inhibitory quantities of ions which are accumulated in response to salinity.
MATERIALS AND METHODS
Cell Culture. Cell suspensions of Nicotiana tabacum L. var Wisconsin 38, adapted to different concentrations of NaCl (up to 600 mM), were maintained according to procedures described previously (1) . Unadapted 7 ,um in diameter, at an accelerating voltage of 10 kV the limits of resolution are estimated to be 2-3,m [18] ), and a relatively even surface across the cell so that the topography at the various points of analysis would be consistent.
The x-ray data were quantitated using the peak to background ratio (P/B) method (10) . Standard element windows of 14 eV were used to integrate the area under the elemental peaks. The background was estimated by integrating the area in two windows (width of 7 eV) flanking each peak, but offset by 12 eV so that spillover from the peak would not artificially elevate the estimate of the background. gently pipetted into the syringe barrel and the incubation medium drained by gravity and collected. Two ml of nonlabeled medium were added to the cells and replaced with fresh medium at successive sampling points. The fresh nonlabeled medium (pH adjusted to that of the culture medium) contained 0 or 428 mm NaCl for unadapted cells or for adapted cells, respectively. At the end of the washout period the radioactivity remaining in the cells was determined. Cell samples were frozen and lyophilized prior to analysis. Duplicate samples were used for all determinations. Cell samples for analysis of Na+ content were acid digested (2); radioactivity and Cl-content were determined on water extracts of the cell samples. One ml of H20 was added to 5 mg (dry weight) of cells. The samples were immersed in a boiling water bath for 30 min, then centrifuged in a microfuge for 3 min at 15,000 rpm and the supernatant collected. This procedure was repeated three times and the supernatants were pooled. The extracts were frozen, lyophilized, and resuspended in 1 ml of H2O. Na+ and Cl-were measured as described previously (2) . The radioactivity in the media samples and cell extracts was determined with a Beckman LS6800 liquid scintillation counter in 4 ml of aqueous counting cocktail (Aquasol, Amersham).
Efflux data were analyzed as described by Pallaghy and Scott (16) . The Morphometry. Whole cell and vacuolar volumes were calculated from measurements made from photomicrographs of cells viewed with Nomarski interference contrast optics. Cells were centrifuged as previously described for x-ray microanalysis and photographed at a median position (Fig. 1) . The areas and perimeters of the cells and vacuoles were quantitated with a LeMont model DV-4400 computer based optical image analysis system. The adapted cells were essentially isodiametric and were considered to be spheres for the purposes of calculating volumes, while the unadapted cells were considered as spheres and capsules. The cells were somewhat irregular and consequently any given measurement of the radius (or width) could not accurately reflect the average dimension of the cell. This error would then be magnified when the calculation of volume is based upon this measured radius, i.e. V = 4/37rr3. A more reliable estimate of volume was obtained by utilizing an equation which is based upon measurements of area, A, and perimeter, P, of the cell. For spheres and rods with length/width of up to 5, the formula V = 8.5A2.5P 2 provides an accurate estimate of the volume based upon a two-dimensional image (3) .
RESULTS
Cell Morphometry. X-ray microanalysis of bulk frozen hydrated samples offers excellent potential for in situ ion localization. However, in order to resolve accurately the ion content within an intracellular compartment, it is imperative that the generation of x-rays be restricted to a volume contained exclusively within that compartment. This volume is a function of the electron beam accelerating voltage, the average atomic number of the elements in the sample, and the atomic number of the element analyzed. At an accelerating voltage of 10 kV, the excitation volume in frozen hydrated tissue for Na+ and K+ (as well as other elements of similar atomic number) has been estimated to be 2 to 3 ,um in diameter (18) .
Cells adapted to 428 mm NaCl were approximately one-eighth the size of unadapted cells ( Fig. 1; Table I ) at the growth stage used for these experiments. The cytoplasm occupied 22 and 45% of the total volume of unadapted and adapted cells, respectively. The altered morphometry of salt adapted cells facilitated the determination of ion compartmentation since the excited volume of the x-ray signal could be contained exclusively within the cytoplasm (Fig. 2, A-D) .
X-ray Microanalysis. X-ray microanalysis was conducted with the electron beam in a static position (point analysis) in order to maximize resolution of cytoplasmic ion contents. Vacuolar and cytoplasmic spectra contained similar types and amounts of background (Bremsstrahlung) radiation and a predominant 0 peak (salt adapted cells contained approximately 85% H20). Spectra collected from random locations within a compartment of a given cell were very similar and comparisons made between vacuolar spectra collected by point analysis and scanning analysis of small areas did not reveal any appreciable differences (data not shown).
Unprocessed ion spectra collected from a NaCl adapted cell by point analysis illustrate the large differences in the vacuolar and cytoplasmic Na and Cl concentrations (Fig. 3, B and D) .
The ratios of Na and Cl in the vacuole to those in the cytoplasm (V/C) (calculated as the average ratio of the element PIB from spectra of the vacuole to the element PIB from spectra of the cytoplasm for each cell analyzed) was 8.2 and 6.5, respectively (Table II) . Although these ratios actually reflect the elemental (23) .
Another notable difference indicated in the x-ray spectra of salt adapted cells was the higher levels of K and P observed in the cytoplasm as compared to the vacuole (Fig. 3, B and D) . P was not detected in the vacuole of salt adapted cells, while a small P peak was routinely observed in the cytoplasm. Despite the fact that K concentrations were consistently higher in the cytoplasm than in the vacuole of salt adapted cells, the levels of K in the vacuole were near the limits of detection which resulted in low P/B and apparently contributed to a high degree of variability in the data for this element.
At (3 ,um) to permit x-ray microanalysis (Fig. 1) . In these cells oxygen was the only element that was routinely detected in either the vacuole or the cytoplasm (Fig. 3 , A and C), although a small K peak was observed occasionally. Other elements which were detectable in salt adapted cells, i.e. Na, Cl, and P were apparently distributed throughout the cells at concentrations below the threshold of detection. The cytoplasmic and vacuolar Na+ and Cl-concentrations were calculated on the basis of the V/C ratio of these two elements (Table II) , the whole cell ion concentrations (Table III) , and the relative volumes of the vacuolar and cytoplasmic compartments (Table I ). In the adapted cells the cytoplasmic concentrations of both Na + and Cl-were 96 mm, while the vacuolar concentrations were calculated to be 780 and 624 mm, respectively (Table III) .
The inability to detect K in unadapted cells in the early stationary phase of growth (when whole cell concentrations of K were approximately 80 mM) suggests that under the operating conditions of these analyses the threshold of detection for K was above 80 mm. Since detection of K in the cytoplasm was possible with salt adapted cells (Fig. 3B ), despite whole cell K concentrations of about 60 mm, it is likely that K is being accumulated in this compartment at concentrations beyond those which exist in either the cytoplasm or the vacuole of unadapted cells.
22Na+ and 36Cl-Efflux Kinetics. 22Na+ and 36C1-steady state efflux kinetics of unadapted cells (Fig. 4, A and B ) and adapted cells (Fig. 4, C and D) could be resolved into isotherms which appeared to represent the loss of radioisotope from three exponential compartments arranged in series (15, 16, 25 (Table IV) differed by more than an order of magnitude and were similar to values commonly reported in the literature (15, 17, 25) . Comparisons of plots of log Q*, (tracer content) versus time (t) and log dQ*t/dt versus t confirmed that the observed kinetics of efflux of the second and the third components were following first order approximations (25) . Whole cell Na+ and Cl-contents were constant prior to and following the efflux period indicating that the cells were in steady state with respect to these ions during the course of the experiment.
Exchange of both 22Na+ and 36CI-was much slower across the tonoplast for salt adapted cells than for unadapted cells (Table  IV) . Based on the calculations of ion contents of the vacuole and cytoplasm (Qvac and Qyt respectively, The concentration of Na+ and Cl-in the cytoplasm, CY, and the vacuole CVac, were calculated from the morphometry data of Table I (Vvac/Vcyt), the whole cell ion concentration, Cto,a,, and either the vacuole:cytoplasm ion concentration ratio, V/C, (x-ray Table II) urements of cytoplasmic and vacuolar volumes (Table I) , the concentrations of Na+ and Cl-in each compartment were determined (Table III) (7, 21) . Also, it is possible that in some instances the excited volume for Na extended into the vacuole resulting in a larger xray signal and the perception of greater Na contents in the cytoplasm. Since the excited volume for Cl would be smaller than for Na (18) , cytoplasmic Cl content should be resolved more accurately than the Na content. However, if this had been the case, it is likely that problems with excited volume overlap would have resulted in much greater variability from analysis to analysis than was observed. Regardless, the conclusion that these cells compartmentalize Na + and Cl-in the vacuole remains unaltered.
DISCUSSION
Na+ and Cl-exclusion, particularly by cells of the growing regions of the shoot, has been implicated as a primary mechanism of salt tolerance in glycophytes (8, 14) . Ion compartmentation is not generally considered to be a mechanism inherent to glycophytes; in fact, the inability to compartmentalize ions is often considered a fundamental basis for the salt sensitivity of glycophytes (9, 26 (26) as halophytes and this inability may account for their susceptibility to salinity. However, the ability of salt adapted tobacco cells to maintain low cytoplasmic levels of Na + and Cl-despite steep concentration gradients across the plasma membrane and tonoplast is indicative that membrane properties required to achieve and maintain such gradients are inherent to glycophytes. The rate at which glycophytes can establish the steep gradients which are necessary, especially after the vacuolar expansion rate is reduced, compared to halophytes, may explain substantial differences in salt tolerance between glycophytes and halophytes. The ability to establish and maintain ion gradients after adaptation could be facilitated by membrane transport adaptations which result in increased proton motive force generating capacity across the plasma membrane and the tonoplast (19, 20, 24) which facilitates the transport of ions. The activity of the tonoplast Na+/H+ antiport of red beet cells is induced by NaCl (4) . A similar antiport driven by proton motive force likely exists on the plasma membrane and would function to evacuate Na + from the cytoplasm to the external environment.
Reduced passive. permeability of the plasma membrane and the tonoplast to Na+ and Cl-could facilitate the maintenance of high ion gradients. The increased tl12,ac observed for 22Na+ and 36C1-in salt adapted cells (Table IV) may be indicative of such a change in the tonoplast as a result of adaptation to salinity. Further examination of the ion transport and membrane properties of these salt adapted cells as well as the mechanisms of growth reduction will be necessary to evaluate the role of these processes in Na + and Cl -compartmentation and salt tolerance.
